In this paper, we apply empirical mode decomposition by Huang and Hilbert to transform signals recorded during a milling process. Vibroacoustic sensors recorded vibrations of a tool-workpiece system while milling with the end mill of a special shape of "Hi-Feed". The results of Huang-Hilbert analysis provide the information about amplitudes and frequencies of empirical modal components. Application of HuangHilbert transform to cutting conditions monitoring allows the separation of various vibration components caused by phenomena associated with the drive system and the machine components. Therefore, the analysis highlights vibrations caused by known sources of vibration, such as spindle speed, the number of teeth of the cutting tool or the frequency of vibration tools. Furthermore, signal components generated in the cutting zone were identified. The resulting information helps to assess the working conditions of cutting tools, selection of cutting parameters and tool wear monitoring.
INTRODUCTION
The recent development of materials and new technologies used in the construction of machines demands to improve the tools used for the machining [1] . Improving the tools consists of applying wear resistant coatings, adjusting the geometry of cutting tools and machining parameters and the identification of the dynamical system response [5, 7, [11] [12] [14] [15] . This trend can be seen in aerospace and automotive industries, where the use of ultra-light and durable materials is implemented. In many industries, it is also important to reduce manufacturing costs and manufacturing time, including time to implement the production of a new type of material, e.g. composite material, Inconel and stainless steel [7] [8] [9] [10] 16] .
To assess the working conditions of cutting tools, in the present paper, we use the method of empirical mode decomposition (EMD) by the algorithm developed by Huang and Hilbert transform [2] [3] [4] [6] [7] . As a result, such a decomposition together with Hilbert spectral analysis provide the amplitude and frequency of the signal components forming the signal being analyzed in the time domain. Consequently, the particular empirical modes characterize phenomena accompanying an aggressive type of machining, during which induced chatter vibration in a complex system of cutting-machine-tool-workpiece. Separation of the signal components, based on their frequency and amplitude information can be confirmed by the tool vibrations during toolworkpiece material interactions and a loss of contact. This information allows the selection of cutting parameters, their optimization and, finally, monitoring the working tools conditions, including cooling, lubrication and wear of tools.
EXPERIMENTAL SET UP AND WORKPIECE MATERIAL
Examples of the cutting signals have been collected during the extensive research and development conducted in cooperation with the manufacturer of special cutting tools. Research focused on adaptation the geometry of tools and parameters of their work to the kind of workpiece and requirements for tool life as well as productivity of the manufacturing process for which they are intended.
Measured objects were end mills in the shape of a "Hi-Feed" with diameters of 4.8 mm, while the material was machined the alloy of Inconel 713 belonging to the class of super-alloys difficult to machine. During the milling process, spindle vibrations were developed as a response to forces acting on the blade cutter when cutting. Figure 1 shows samples of the vibration signal of a cutting tool during milling, recorded using a measurement system equipped with sensors Sensor NVH Hansford HS-102 with a measuring range 16KHz and sensitivity of 100 mV /g. The sensors provide acceleration signal that is then filtered by a Butterworth high pass filter to eliminate a possible signal drift and to obtain the average value equal to zero. The sensors were mounted on a milling spindle to the magnet in a plane perpendicular to the axis of the milling cutter in the X, Y and angle 45st. the X and Y axis. The signals were recorded by data acquisition cards from National Instruments NI USB6341 type, equipped with 16-bit processing speed 500kS/s. The recorded acceleration signal was also subjected to successive operations of numerical integration to achieve the waveform velocity and displacement sensors. These traces provide some additional information about the forces acting on the spindle. Note that due to the ambiguity of the interpretation of the signal obtained from a displacement sensor noise and vibration analysis, with their applications, have a comparative nature. End mills of different diameters, types of cover, geometry and number of teeth were compared in pairs. The present dynamical tests were conducted at the request of a manufacturer of special tools (tailored to the needs of the production process of the company ordering tool) to assess the benefits of changes in redesigned tools.
In the present study, the waveforms, recorded during operation of cutters with a diameter of 4.8mm, were designed to make grooving with a width equal to the cutter diameter and a depth of more than 7 times larger than the diameter of the cutter. The type of material determined the selected shape of the cutter-type "Hi-Feed" and the shape of the groove performed. In our case, the operating (rotation) direction was perpendicular to the resulting cutting direction effecting, on the way, the easy removal of chips from a narrow groove. These kind of tools enable a low roughness of with higher feed and they are often used in finishing operations.
In Figure 2a we show the characteristic dimensions and geometric shape of "Hi-Feed". The cutting depth was 0.1 of the radius, R. The side profile tool is tilted by the angle, , to the line forming a cylinder with a diameter, D. Figure 2b shows schematic cutting depths during subsequent passes of the tool in the workpiece material.
In the analysis by Hilbert-Huang one performs the so-called signal decomposition into empirical modes (Huang decomposition-EMD). Therefore the acceleration A y (t) is composed of modal components A y 1 (t), A y 2 (t), ..., A y m (t) [4] : (1) where r m is a truncation error. Each next empirical j mode is defined after subtracting average of maximum and minimum values interpolated by cubic splines of the local envelope A x j-1 (t). Note that the first mode A y 1 (t) is obtained from the original signal A y (t) = A y 0 (t) and the Huang decomposition procedure. The first 6 modes obtained using the above schema from Figure 1 (channel 1) are plotted in Figure 3a .
RESULTS OF SIGNAL ANALYSIS
Huang decomposition algorithm (EMD) allows us to determine modal signal components of different frequency (sorted from fast to slow components) and its corresponding amplitude. In Figure 3 we illustrate an exemplary waveform recorded during the operation of the end mill shaped as a cutter-type of "Hi-Feed". Recording time interval was two seconds, while the sampling rate was fixed at 4 kHz. Figure 3a) shows the recorded signal (raw), and another fashion obtained by decomposition algorithm Huang. On the other hand Figure 3b ) illustrates the spectrum obtained with the Fast Fourier Transform (FFT). Figure 3b shows clear frequency bands characterized by different Huang modes (signal components of vibration tools). This measurement was performed at a speed of 7500 rpm (125Hz), which is visible in the spectrum module 5. The cutter had 4 blades, so the frequency of going into the next blade in the material amounted to about 500 Hz, which is included in the spectrum of mode No. 3. The higher number of spectra are recorded for higher frequencies as illustrated in modes 1 and 2. These frequencies are appearing in the system response as the result of the cutting phenomena occurring in the cutting zone, including the process of separation of the material by the cutter blades, vibrations of rods (having a small diameter), and also changes in the cutting depth for different phases of a blade passing through the material during rotation. Due to the method of calculating the FFT signal components caused by one type of phenomenon can lead to the formation of the spectrum peaks in different places. However, these examples demonstrate the utility of the Huang decomposition in monitoring the cutting conditions. Figure 4 shows a comparison of the decomposition of the signal recorded during cutting move (Fig. 4a) ), and during rapid linear move (Fig. 4b) ) when the spindle enabled turnovers and moved without contact of the tool with the workpiece. Clear identification of signal components spectra (vibration) corresponding to work-related powertrain of cutting machines allows them to be distinguished from the signal recorded during cutting operation of the tool and analyze only those components that have been caused by a phenomenon resulting from machining.
Analysis of phenomena occurring in the cutting zone also includes a simulation of finite element (FE) analysis of tool vibrations (deformation) [13, 17] . Figure 5 shows an example of numerical simulation of machining using the cutter of a "Hi-Feed" shape. It is interesting to compare the local temperature accompanying the machin- cutting [6] ing process with tools of two and four blades. The simulation included the transition of a single blade through workpiece material during feed movement. The transition time was 8ms. By using FE simulations we try to determine the probable causes of tool vibration with a frequency of approximate 1000Hz. This signal frequency is contained in the plot No. 2 in Figure 4b . Note that the spectrum of mode No. 2 is characterized by a wide frequency distribution. Based on three-dimensional models the machining process forces acting on the tool can be derived. The corresponding results of numerical simulation shown in Figure 6 in the form of waveform forces acting on the tool in X and Y are characterized by repeating periods of variability. Periodicity of the waveform generated during the simulation is in the time range of 0.75-1.05 ms, which indicate a frequency of 952-1333 Hz.
It covers the middle part of the spectra mode No. 2. It should be noted that the spectrum obtained from recording of 2 seconds long, while the numerical simulation included 3. operation during the catting work movement (a) and rapid linear motion (b), which were subjected to EMD and Hilbert spectral analysis. Shown by points the instantaneous frequency (vertical axis) and amplitude (color point) six primary modes Hilbert-Huang. Accounts for the overlap results in the graph are not visible to spot the size of the plane frequency (time), so their numbers in specific areas can be estimated on the basis of the number of close neighbors. The passages shown in Figure 7 are significantly different due to the amplitude of Huang modes at higher frequencies over 1200 Hz. It is also worth noting that the amplitudes of the working passage can increase (Fig. 7a ) with respect to vibration coming from the machine in the range of approximately 100-500Hz. This analysis allows us to distinguish the vibrations caused by the driving elements of the machine from vibrations generated by the cutting tool. Figure 8 shows a magnitude (versus frequency) of instantaneous decomposition of the HilbertHuang while cutter working and rapid tool movement. This projection allows us to specify the differences between the waveforms. Vibration areas shown in Figure 8b characterize the machine to operate rapid tool movement over the work material in the same direction, while cutting operation is shown in Figure 8a Figure 8a ) are caused by material separation from the workpiece by the tool tip.
Preliminary assessment of the quality of cut is therefore the observation of points over the boundary of about 2-axis acceleration amplitudes recorded by sensors and undergoing decomposition Hilbert-Huang. High amplitudes characterize the forces acting on the cutting tool. During selecting parameters of machining it is advisable to reduce vibration amplitudes.
The individual Huang modes of Figure 3 can be analysed using the frequency amplitude plots. Consequently, in Figure 9 we show the examples Hilbert transform results for particular modes.
Here, by different colours we denoted two cases: red colour -cutting operation, and blue colour -tool linear movement. Note that the combined results for these two cases and all the modes together are the plotted in Figure 7 . Figure 10 shows an example of application of the Hilbert-Huang decomposition to monitor the initial wear of the cutting tool. Decomposition results are shown in wave forms for observing the respective amplitudes of vibrations of different frequency components. In the initial portion of the waveform is visible phase of insertion tool during 
CONCLUSIONS
During monitoring of the cutting conditions, by using vibration sensors, the recorded signals are disrupted by components generated by the drive system and the mechanisms of the cutting machine. The application of Huang EMC and Hilbert transform can extract signal components of vibration with respect to their amplitude and frequency and identify those related directly to the milling process. An additional Fourier spectral analysis (FFT) applied to the Huang modes were used to determine the frequency characterizing the known sources of vibration, such as spindle speed, the number of teeth of the cutting tool and the frequency of vibration instruments designated at the numerical simulations. The graph amplitude (frequency) modes Hilbert-Huang separated signal components generated in the cutting zone.
The decomposition of the Hilbert-Huang allows simultaneous imaging of the amplitude and frequency spectrum in the time domain. This feature is particularly useful in the evaluation of cutting conditions in real time in an industrial environment.
Separation of the signal component, account for their frequency and amplitude information was also confirmed on the tool vibrates during insertion of the material of the panels. This information allows the selection of cutting parameters, and their optimize and monitor the conditions of work tools, including cooling, lubrication and wear of tools. The waveforms demonstrate the usefulness of Huang decomposition and transformation of Hilbert in the monitoring of cutting conditions.
